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1. Evidence. 
1.1 Productivity of labor in farming and foraging  
Measures of energetic output per hour of labor can be computed for a few forager 

populations and for some cultivars farmed under conditions and using technologies that may 

have characterized farming at the time of the agricultural revolution (1). Comparison of caloric 

returns for foraging wild species and for cultivation requires that account be taken of the 

following differences. While seasonal variation in resource availability and delayed return 

production are present and storage is possible to some extent by those foraging wild species, the 

extent of storage is considerably greater for those who cultivate rather than forage. The reduced 

diversity of sources of nutrition among farmers gives rise to far greater seasonal and annual risk. 

Estimates must therefore take account of losses during storage, time delay, and risk exposure. 

Table S1 below give estimates of the calories per hour of labor (including that involved in 

processing and storage). Data are for cereals only due to the lack of the comparable data on non-

cereal cultivars of the first farmers (such as avocado, bottle gourd and squash.)   

 
Table S1. Mean caloric returns per hour of total labor (c*) for wild and cultivated species with 
adjustments for risk and (for cultivation) land abundance and delayed returns. (Standard deviations 
in parentheses). The estimates relevant to an individual's initial decision to engage in some farming (line 2) 
entail no greater risk for the farmer than for the forager. The estimates relevant to average reproductive 
output for a group of farmers (line 3) account for the greater risk exposure of farmers. The p-value for the 
difference between the wild and cultivated c* distributions are from the Wilcoxon rank-sum test (not 
affected by the possibly exaggerated returns in the Great Basin prehistoric data). (The Welch-
Satterthwaite difference in means t-test (unequal sample variances) gives (for the three rows in order): t = 
2.33, 2.38 and 2.39. Source: (1) 
 

Estimate Cultivated 
(1) 

Wild 
(2) 

p value 
(for Δ wild-cultivated) 

Ratio 
(1)/(2) 

1. No risk or time delay adjustment  1041 
(152) 

1662 
(590) 0.005 0.63 

2. Decision: forager risk only and 
subjective delay 

954 
(147) 

1628 
(578) 0.0003 0.59 

3. Evolution: risk and reproductive 
delay 

951 
(139) 

1628 
(578) 0.0003 0.58 

 

1.2 Temperature and climate data 

Temperature data. Differences in temperature (Centigrade) are about 1.2 times the 

difference in the δ18O signal shown in Fig. S1 (2). The data indicate that changes in mean 

temperature as great as 8 degrees (C) occurred over time spans as short as two centuries. By way 
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of comparison, the Little Ice Age that devastated parts of early modern Europe experienced a fall 

in average temperatures of one or two degrees, and the dramatic warming of the last century 

raised average temperatures by one degree, comparing the unprecedentedly hot 1990s with a 

century earlier (3, 4). The variability of climate during the late Pleistocene required high levels 

of geographical mobility, which was an impediment to any substantial investments in tree crops 

or field preparation or even stores and storage facilities. The scale and pace of climate change is 

truly extra ordinary: for example δ18O signals from sea cores indicate that between 25 and 60 ka, 

variations in sea surface temperature of 3o – 5 oC occurred over periods of 70 years or less in the 

Santa Barbra Basin, California (5) (sea surface temperatures today are about this different 

between the Santa Barbara Basin and northern Vancouver Island). Think about the frequency of 

moves and the distances that early humans may have traveled. A change of 9 degrees Centigrade 

in the course of a millennium appears to have been common prior to the Holocene. That's the 

difference in the average daily temperature in Cape Town and Mombasa 4 thousand kilometers 

to the north. While humans and the wild species on which they depended could of course adapt 

to a few degrees change in temperature, we infer that the distances covered and frequency of 

moves must discouraged the kinds of investment that farming requires.   

 
Fig. S1. Late Pleistocene and Holocene climate. Greenland ice core data used in the main text 
 

1. 3. Private property in forager and farming societies.  

In (6) we provide further evidence for the empirical claims made in the paper and in 

particular the claim that the private property rights that farming required—the assurance that an 

individual or family could exclude others from appropriating the results of their labor in 

cultivation and animal tending – were for the most part absent among foragers (mobile hunter 

gatherers) at the end of the Pleistocene. The sources upon which we have relied are (7-38).   
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The main archaeological and ethnographic evidence is the fact that by comparison with 

small scale farmers who can allocate surpluses to privately owned storage, foragers redistribute a 

substantial fraction of the food and other economic resources acquired by their own labor to 

others beyond the nuclear family, along with the widely held inference that, according to Boehm: 

“the great majority of … prehistoric foragers would still have today’s main pattern, meaning that 

they lived in mobile, flexible, and egalitarian multifamily units.” (7) (p.88)   

We have collected evidence on the fraction of the food acquired by family members 

(measured in calories) that a family retains for its own use rather than being consumed by others 

in both foraging and horticultural societies. The mean of the four estimates of family retention 

rates for foragers is 0.295 and of the five estimates for horticulturalists is 0.644. (The difference 

in means is significant at p< 0.001.)  

But a family can expect that those receiving transfers will reciprocate, that is transfer 

something in return as a result of the initial transfer that is above and beyond the amount that 

would have resulted from family ties, genetic relatedness, propinquity and other influences on 

sharing . A more adequate measure of the amount retained would be 1 – (fraction transferred )(1-

reciprocation rate), where the reciprocation rate is defined as the fraction of the quantity 

transferred from family A to family B that is reciprocated in transfers from B to A, controlling 

for other influences on transfers of food such as geographical proximity and kinship. The means 

after adjusting for reciprocation are 0.360 and 0.740 for the foragers and the horticulturalists, 

respectively. Sources: Ache (forest) (29); Yora (30); Aka (24, 31); Hiwi (32); Rakoiwa, 

Krishisiwa and Bisaasi (1986 and 1987) (33); Ye’kwana (34).  
 

2. The model of within-group interaction 
2. 1. Choice of technology: Farming vs. foraging 

An individual may be either a hunter-gatherer or a farmer. A hunter-gatherer obtains  by 

foraging. A farmer’s product is acquired by a prior investment of an amount , resulting in a 

subsequent gross product of (using the subscript a to refer to farming or agriculture)  =  , 

where r is a measure of the returns to the farmer’s investment that varies inversely with climatic 

volatility (see Fig. S8.) The net payoff of the farmer (after subtracting the cost of investment) 

would be  =  −  if the product is not taken by others or − if the product is taken by others. 

Thus the expected payoff to farming may be less or greater than  depending on climatic 

conditions and the prevalent property rights. Note even if the productivity of the two economies 
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is identical ( = ) the farmer is more vulnerable than the forager to losses through hostile 

challenges over their product because the farmers’ crop ( ) exceeds the foragers’ prey (Vh ) by 

the magnitude of the farmer's prior investment, z. We set  =1,  =1.5, =2 (i.e., =3 and  =1) for our benchmark simulations reported in Fig. 2 in the text. The benchmark returns to 

farming investment  =1.5 is adjusted downward according to climatic conditions so that 

realized returns are  −  (see Section 8).  

 

2. 2. Pairing and play 

Once a player obtains  or 
 depending on his technology, he plays the bourgeois-sharer-

civic game with a randomly chosen partner twice; one game over the distribution of his product 

and the other game over the distribution of his partner’s product. Each player has one of the 

behavioral strategies described below and summarized in Table S2.  

 

2. 3. The sharer and bourgeois strategies  

The first behavioral type, the sharer, concedes half of the product to the other, or the whole 

product if the other claims it (similar to the dove in the hawk dove game). Bourgeois individuals 

claim the entire product if it is in their possession; if not they act like a sharer. A non-possessing 

bourgeois may engage in contests with another bourgeois if the possession of the product is 

contestable, which occurs with probabilities that depend on whether the product is farmed () 

or foraged (). The loser of the contest bears a cost, while the winner claims the product (). 

We let  >  because farmed plants and animals and the land that supports them are more 

easily demarcated and defended than most foraged products, due to the greater productivity of 

land devoted to domesticated species. In our benchmark model of the forager economy we let  =1 so a bourgeois will contest any claim of individual possession (under these conditions, 

bourgeois is thus identical to hawk in the hawk- dove game).  

 

2. 4. The civic strategy  

A civic individual shares when he meets either sharers or other civics. Being paired with 

anyone claiming the whole product, all the civics attempt to punish him. They succeed with 

probability , in which case the civic obtains the entire product and distributes it equally to all 

civics; if unsuccessful, which occurs with probability (1-	), all the civics bear the cost () , 
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where n is the number of civics, and  and  are the within group frequencies of sharers and 

bourgeois, respectively (i.e., 1 −  −  is the frequency of civics). The probability of civics 

successfully punishing an individual claiming the entire product () is increasing in their 

numbers (Fig. S2) according to:  f = [(1 −  − ) + 0.5 − ][(1 −  − ) + 0.5 − ] + [ − (1 −  − ) − 0.5 + ] 

where  and  are a center value and exponent of the winning function. The following figure 

depicts this probability (when  =8;  =5). In this case, the civic successfully punishes with 

probability 0.5 if the number of civic in a group is equal to 8.  

 

 
Fig. S2. The probability of successfully punishing an individual claiming the entire product. 
Successful punishment of a group member claiming the entire product depends on both the numbers 
willing to contest the claim and the legitimacy of their objection in the eyes of others. We take the number 
of civics in the population to be a measure both of the degree to which the target is outnumbered, and the 
legitimacy of the punishment. 

 
Table S2. Actions taken by the row player when paired with the column strategy 

 Bourgeois Sharer Civic 

Bourgeois If possessor, claims the entire 
product, if not concedes it 

If possessor, claims the 
product, if not concedes it 

If possessor, claims the 
product, if not concedes it 

Sharer If paired with a possessor, 
concedes the product Shares the product equally Shares the product equally 

Civic 

If paired with a possessor (who 
claims the entire product) seeks 
(jointly with other civics, if any) 
to contest the bourgeois’ claim 

Shares the product equally Shares the product equally 

 
2.5 Payoffs 

With these assumptions, we have the payoff matrices described below. The following payoff 

matrices are for the games when a farmer meets a farmer, when a farmer meets a forager, when a 

forager meets a farmer, and when forager meets a forager, respectively. 
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Table S3. Row Player’s payoff  
(Recall that when a pair meets, they play two games, one over the product of each of the two 
parties. Expressions in red are the row’s payoff of the game over row’s product and those in 
black are the row’s payoff of the game over column’s product. We assume  =0,  =1, and  =  ) 
 
(a) When a farmer meets a farmer  

 Bourgeois Sharer Civic 

Bourgeois [ − ] + [0] [ − ] + 12  [− + (1 − ) − ] + 12  
Sharer 12  −  + [0] 12  −  + 12  12  −  + 12  
Civic 12  −  +  − (1 − )(1 −  − )  12  −  + 12  12  −  + 12  

 
(b) When a farmer meets a forager  

 Bourgeois Sharer Civic 

Bourgeois [ − ] + 12 ( − ) [ − ] + [ℎ] [− + (1 − ) − ] + [− + (1 − )] 
Sharer 12  −  + [0] 12  −  + 12  12  −  + 12  
Civic 12  −  +  − (1 − )(1 −  − )  12  −  + 12  12  −  + 12  

  

(c) When a forager meets a farmer 

 Bourgeois Sharer Civic 

Bourgeois 12 ( − ) + [0] [] + 12  [− + (1 − )] + 12  
Sharer [0] + [0] 12  + 12  12  + 12  
Civic  − (1 − )(1 −  − )  +  − (1 − )(1 −  − )  12  + 12  12  + 12  

 

 (d) When a forager meets a forager 

 Bourgeois Sharer Civic 

Bourgeois 12 ( − ) + 12 ( − ) [] + [] [− + (1 − )] + [− + (1 − )] 
Sharer [0] + [0] 12  + 12  12  + 12  
Civic  − (1 − )(1 −  − )  +  − (1 − )(1 −  − )  12  + 12  12  + 12  
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The followings are the explanation on some entries of the payoff matrices.  

- The case where an individual (row player) who is a bourgeois farmer meets a bourgeois 

farmer (the upper-left cell in Table S3 (a)). The row player keeps his/her product because 

the row’s farmed product is not contestable and the column player (bourgeois) respects 

the row’s ownership. Therefore row’s net payoff is  − . (the first bracket in red). 

Because the column player is also a farmer, his/her product is not contestable. The row 

player respects his/her partner’s ownership and receives 0 from the game over his 

partner’s product (the second bracket in black). 

- The case where an individual (row player) who is a civic farmer meets a bourgeois farmer 

(the lower-left cell in Table S3 (a)). The row’s farmed product is not contestable. The 

column player (bourgeois) respects the row’s possession of the product because he/she 

knows that the row is the owner. In response the row player (civic) is willing to concede a 

half of the product and enjoy the other half for him/herself. Therefore the row player 

receives /2	 −  (the first bracket in red). And the column player refuses to share 

because he/she is a bourgeois and attempts to defend his/her whole product. There are (1 −  − ) civics, they successfully punish the column player with probability  (see 

Fig. S2), in which case all the civics share the column player’s gross product (  since 

the column player is a farmer), or lose the fight with probability	1 − , in which case they 

bear the cost (the second bracket in black).   

- The case where a bourgeois farmer meets a bourgeois forager (the upper-left cell in Table 

S3 (b)). The farmer (row player) can successfully keep his/her whole product because the 

farmed product is not contestable and his/her bourgeois partner would not claim it, which 

gives the row player  −  (the first bracket in red). However the row player claims the 

partner’s product because it is foraged product (note that a bourgeois simply behaves like 

an aggrandizer if the product is contestable). Therefore there will be a conflict and both 

will get ( − )/2 (the second bracket in black).  

- The case where a bourgeois forager meets a bourgeois forager (the upper-left cell in 

Table S3 (d)). Both will behave like aggrandizers because both products are contestable. 

Therefore each one will receive ( − )/2.  

- The case where a civic forager meets a bourgeois forager (the lower-left cell in Table S3 

(d)). The bourgeois forager will attempt to grab the civic’s product because the civic’s 

product is contestable. All the civics in the group collectively punish the bourgeois for 
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his/her aggrandizing behavior. The collective punishment is successful with probability , 

in which case all the civics share the product among themselves; otherwise they bear the 

cost of conflict (the first bracket in red). Since the bourgeois forager’s product is also 

contestable and the bourgeois refuses to share it, another collective punishment is 

imposed on the bourgeois. The collective punishment of the civics is successful with 

probability  and the civic-forager receives the payoff shown in the second bracket in 

black.  

 
3. Strategy updating with conformism and group contests 

After all games have been played, each member is paired with a cultural model, possibly a 

teacher, religious leader, successful hunter or farmer, or competitor. This pairing process reflects 

the way the group socializes its members. If the model and the member are of the same type, the 

member simply retains his trait. If the two have different traits, then the member compares his 

payoff from this period to the model's payoff, and switches to the model's trait if the model's 

payoff is higher.  

Members in a group which lost an intergroup contest are paired with a cultural model from 

the winning group and update their strategy through the process described above. Between-group 

interaction occurs once every generation. An intergroup contest occurs when one of the two is 

sufficiently likely to win, reflecting the fact that as with other primates, evenly matched human 

groups seek to avoid costly conflicts (39). We assume that when group i is randomly paired with 

group j and has a contest with probability d where d= − /( + ). When a contest occurs, 

the group with a higher average payoff wins with probability 0.5 + 0.5d. Further we assume that 

each member in the losing group loses 3 payoff units, and this score is added to each member in 

the winning group. 

The pairing rule will introduce conformism to the transmission process if each member of 

the more numerous type within a group is more likely to be drawn to be a cultural mode than 

would occur by chance. To allow for this, we let the probability that a sharer will be drawn a 

cultural model be  +  + (1 −  − ) 

where  (>1) is a measure of conformist biased cultural transmission. The probability that a 

bourgeois or a civic is drawn for the cultural model pool is calculated in similar fashion, that is 
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by the same expression but with  in the numerator rather than ah and similarly for the civics. 

Fig. S3 illustrates the biased assignment of models to members if there are just two types in the 

population; for  > 1, the bias is conformist, with larger groups contributing proportionally more 

to the pool of cultural models. For  = 1 the pairing of members and cultural models is random. 

(For  <1 the bias is anti-conformist, larger groups contributing proportionally fewer to the pool; 

we do not consider this case). 

 

 
Fig. S3. Biased assignment of models to members when there are two types in the population. In the 
cultural updating process individuals are assigned to cultural models, but types that are numerically 
prevalent in a group are more than proportionally likely to be cultural models (teachers, influential elders, 
religious leaders). 
 

4. Replicator dynamics (in a foraging economy) 
To calculate the dynamics (without conformism), we assume a payoff monotonic updating 

process (behavioral-technology types with higher than average payoffs increase their share of the 

population.). We suppose every member in a group is a hunter-gatherer, so that we have  =	and  =  = 1. Let ,  and  be the expected payoff to bourgeois, sharer and civics, 

respectively, and  be the average payoff of the group. Let , , and 1 −  −  be the within-

group frequency of sharer, bourgeois and civics, respectively. Then we have the following 

replicator dynamics.   / = ( − )	and  / = ( − ) 
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where   = (/2) +  ⋅ 0 + (1 −  − )(/2)  = ( − )/2 +  + (1 −  − )[( + ) + (1 −  − )(−)] 
and  

  =  +  + (1 −  − ) 

 
Fig. S4. Within-group dynamics in a foraging economy. The coordinates of a point in the 
simplex sum to 1 and give the fractions of the population composed of the three behavioral types. 
For example at point b slightly more than half of the population are sharers and the rest are civics 
(there are no bourgeois). The vectors (arrows) indicate the direction of movement in the regions 
defined by the loci along which  and  (the fractions, respectively of sharers and bourgeois), 
and 1 −  −  (the fraction of civics) are stationary, assuming that the group has not lost a 
contest with another group and that conformist assignment of cultural models is absent. The 
vectors show that the sharer-bourgeois equilibrium (point d) is self-correcting (asymptotically 
stable) while the all-civic equilibrium (point a) is not (it is only neutrally stable, i.e. subject to 
drift). Thus beginning at a, drift may propel a population along the left edge of the simplex 
towards point b, where the number of civics is just sufficient to repel any invading bourgeois. 
Beyond b a group member switching by chance to the bourgeois strategy (or a bourgeois 
immigrant) will do better than others in the group, and the population will then be carried to 
point d.  
 
The stationary and stable states of this dynamic are the all-civic group and a mixed group of 

bourgeois and sharers. These two states give two alternative idealized representation of the 

forager livelihood and institutions with the first representing a relatively conflict free social 

system and the second representing a breakdown of order with conflict arising over the 

possession of valued goods. To understand the dynamics of these societies we need to explore 
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the entire state space. Due to migration among groups and behavioral experimentation there will 

always be a few bourgeois individuals present in the group with all civics. Also there will be an 

occasional civic in the in a group composed mostly of sharers and bourgeois types. The 

population state of bourgeois and sharers is stable (self-correcting) because when civics are few 

they often bear the costs of the many contests with the aggrandizing bourgeois in which they 

engage (and which they lose because they are few in number). Hence they receive low payoffs 

and are not emulated in the updating process. Similarly, when civics are common, the occasional 

bourgeois types will not proliferate, as they will lose the many contests with civics that occur, 

while civics rarely bear the costs of contests with a bourgeois type (there are few bourgeois so 

there is little occasion for punishing, and the numerous civics rarely lose).  

But a mixed population of sharers and civics may be unstable because when there are few 

civics present, aggrandizing individuals will proliferate, carrying the population to the sharer-

bourgeois stationary state. In our simulations under Pleistocene conditions (that is where 

virtually all are foragers) groups composed of a mix of shares and civics occasionally are 

invaded by bourgeois types carrying the group to the neighborhood of the sharer-bourgeois state. 

But the lower average payoffs in this state due to contestability of foraged products then result in 

these groups losing conflicts with groups predominantly made up of sharers and civics, resulting 

in the restoration of substantial fractions of civics and sharers and few bourgeois types.  

 
5. Benchmark parameter values 
 

Table S4. Parameter values 

Parameter Value Parameter Value 
Group size per generation (n) 20 Group interaction Every generation 

Migration rate (m) 0.2 Contestability of hunter-
gathered product () 1 

Behavioral experimentation (e) 0.25 Contestability of Farmed 
product () 0 

Level of conformism () 2 Farming productivity () 1.5 
Hunter-gatherer product (Vh ) 1 Farming investment (z) 2 
Cost of losing a conflict (C) 1.5 Farmer’s net product (Va ) 1 

 

Sensitivity to alternative parameter values is estimated in Section 10. The rationale for these 

benchmark parameter values follows. Group size and migration rates are consistent both with 

ethnographic and genetic evidence as summarized in (40) and (41). The levels of conformism 
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and behavioral experimentation are not estimated, but appear to be plausible. The hunter-gatherer 

product is a normalization. The cost of conflict is chosen to ensure that the underlying game 

takes the Hawk Dove form. The rationale for the two contestability parameters is provided in the 

text (see Fig. S10 panels B and C for sensitivity to alternative values). Net agricultural product is 

set equal to the productivity of hunter gatherers; in the simulations this is endogenously adjusted 

downward reflecting the effects of weather volatility (see Section 8 below particularly Fig. S8). 

Agricultural investment, which implies a capital to net output ratio in farming of 2 is calibrated 

from a farming production function reflecting what for early Holocene Europe is called the 

Neolithic package. The capital stock is composed of stored cereals and goats, with the latter 

contributing one third of the livelihood of the family, using data on seeds and storage from (1) 

and effective lifetime for the livestock of 5 years, possibly resulting in an underestimate of the 

capital output ratio for the herding component production. The non livestock portion of the 

capital may also be underestimated due to the exclusion of tools. A larger capital output ratio in 

farming, by raising the farmer’s vulnerability to contestation, could be offset by more 

intermediate values of the contestability parameters (which would reduce the forager-farmer 

differences in vulnerability) without affecting the underlying economic mechanisms at work in 

the model.   
 

6. Aggrandizers: A gangster path to the Holocene revolution?  
Another path has been proposed, one that proceeds through simple taking and defending of 

goods by aggrandizers, who (if their defense is effective) would then have the incentives to 

engage in a delayed return activity such as agriculture. This so-called “gangster” variant of the 

Holocene revolution seems quite unlikely, however. We captured its dynamics in the model of 

the forager economy in which property rights are always contested  = 1 so that the bourgeois 

is just a gangster who claims and fights for resources of others. But in our simulations such 

‘gangsters’ rarely proliferate and when they do their success is short lived. The reason why the 

bourgeois strategy eventually succeeded is that it attenuated conflicts among would be 

aggrandizers by recognizing the possession rights of others, once the domestication process 

reduced the contestability and contestability of possession. An aggrandizer strategy might 

succeed had we assumed strongly asymmetric fighting ability and the inability of those with less 

ability to form effective coalitions. But we did not explore this possibility  
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7. Algorithm structure 

The code was written in Borland C++ Builder. The simulation algorithm is as follows. A 

schematic representation of our model appears in Fig. S5. 
 

A. Create 30 groups and 20 agents in each group. 

a. Initially, all the agents are civic hunter-gatherers.  

B. Within-group Interaction (bourgeois-sharer-civic game with hunted/gathered product or 

agricultural product, see Section 2.) 

C. Group Interaction 

a. Between-group interaction occurs once every generation. Group i is randomly 

paired with group j and has a contest with probability d where d= − /( +). When a contest occurs, the group with a higher average payoff wins with 

probability 0.5 + 0.5d.  

b. Each member in the losing group loses 3 payoff units, and this score is added to 

each member in the winning group. 

D. Updating 

a. In a winning group: Each member meets a cultural model, where the model is 

chosen non-randomly ( >1) from the winning group.  

b. In a losing group: Each member meets a cultural model, where the model is chosen 

non-randomly from the winning group. 

c. Behavioral experimentation occurs for each individual during the strategy updating 

with probability e. If experimentation occurs, the behavioral strategy and the 

technology choice are drawn randomly from the entire strategy set. If 

experimentation does not occur the individual updates according to the best 

response dynamic described above.  

E. Migration  

a. With probability m=0.2 each individual is selected for a migrant pool from which 

individuals are allocated to a randomly selected destination group.  

F. Repeat B-E for a specified number of generations.  
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Fig. S5. Distribution, group competition, and updating. Two pre-dominantly forager groups 
are represented by the rectangles, populated by individuals who differ in technology (the shape 
of the object) and their behavioral type (its color). In the top panels (A) individuals are randomly 
paired with others in their group in the distribution stage either conceding, sharing, claiming, or 
contesting the claims of others. This determines their payoffs. In the next set of panels (B) the 
two groups have had a contest, the left group had higher average payoffs and has prevailed, and 
the loser group’s members update their type. One updating individual is shown paired with two 
models (one for updating behavior, one for updating technology) from the winning group (along 
with their payoffs from the distribution stage). Payoffs for all of the pairings shown are given 
(with explanation) in Table S3. As a result of the payoff differences, the updating person 
converts from a bourgeois farmer to sharer hunter gatherer (shown by the circle in the right hand 
C panel). Then (left hand C) members of the winning group (on the left) are paired with models 
from their own group, and update their types accordingly. Finally (D) random migration into and 
from both groups occurs, along with random experimentation of types (the dashed rectangles). 
This sketch does not fully represent our simulation algorithm (e.g. the simulations there are 30 
groups each with 20 members of a given generation, and all group members update in every 
generation.)  
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8. Calibrating farming productivity using climate data.  
The calibration is based on two pieces of information: estimates of the productivity of 

farming relative to foraging in the early Holocene (1) and uncontroversial inferences from 

climate and other data that conditions during the previous 30 thousand years were exceptionally 

farming-unfavorable (42). Among the data supporting the second point (in addition to the 

extraordinary temperature variations over less than century long time scales described above in 

Fig. S1) is evidence that the total organic carbon stored terrestrially (a measure of photosynthesis) 

during the period just prior to the Holocene was 41% of the levels during the Holocene (using 

estimates based on the highest available resolution (43)). The two big facts that we represent in 

the model are thus that farming, were it to have occurred during the Pleistocene, would have 

been very unproductive and would have been more productive during the Holocene but still not 

as productive as foraging. 

In this section we show two things: (a) that the productivity levels of farming and foraging 

generated by the climate data were calibrated to fall within plausible ranges in light of the data 

and (b) that the main results are unaffected by plausible variations in the relevant productivity 

ratio (see Fig. S9 below).  

We used the data on climate volatility to predict movements in levels of farming 

productivity in the late Pleistocene and Holocene so as to generate long term averages consistent 

with the our direct estimates mentioned two paragraphs above. This calibration then 

automatically generated climate-driven temporal variation in the relative productivities over the 

entire 40 thousand year period. The average productivity of farming relative to foraging in the 

Holocene is based on the data in Table S1 (1). To generate plausible values for this ratio we used 

the estimates for caloric productivity of foraging and farming (5 and 15 respectively in number) 

to generate 75 pairs representing the productivity ratio for some particular location of a sub 

population. The resulting distribution is shown in Fig. S7. 

The time series of the ratio of farming to foraging productivity that we used for the 

simulations reported in Fig. 2 of the text was generated in the following way (summarized in Fig. 

S6).  

1. Climate volatility. From the Greenland ice core data we calculated the maximum 

difference in the δ18O signal during 5 generations (i.e., the maximum δ18O signal minus 

the minimum of δ18O signal during 5 generations) and smoothed the series by using 200-

year (10 generations) backward moving average. For any particular year, this number 
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(which we denote w) is a measure of the climate variability experienced by the previous 

ten generations. (Because the NGRIP ice core data are binned in 20 year intervals we also 

defined a generation as 20 years.)  

2. Farming productivity. We use data on the relative productivity of farming and foraging to 

calculate , the disadvantage of farming due to the temperature volatility calibrating the 

generating function so that on average farming is 86 percent as productive as foraging in 

the Holocene and 35 percent as productive during the Pleistocene. For this calibration, we 

used  = (0.45 − )/5 for our benchmark simulation. 

3. The productivity ratio. In the simulation, the agricultural gross output is  −  where r is 

a measure of the productivity of the farmer’s investment and  is a prior investment for 

farming. We apply the disadvantage of farming due to the temperature volatility, , to	, 

so that the gross productivity of farming becomes ( − ). The productivity of farming 

(net of investment costs) is thus: ( − ) − ; and because the productivity of foraging 

is normalized to 1, this is also equal to productivity ratio of the farming to hunting. 

 
Fig. S6. Calibration structure.  
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Fig. S7. Simulated distribution of the relative productivity of farming and foraging under 
early Holocene conditions. Source: methods described in text, data from (1). The arrows 
indicate the average productivity ratios generated by our weather data (given by ( − ) −  
where  is the weather-determined estimated average disadvantage of farming.)  
 

 
 
Fig. S8. Climate-induced variation in agricultural productivity relative to foraging. Shown is the 
ratio of the products acquired by farming (assuming that the products are not contested) to the products 
acquired by foraging (i.e., /). This ratio is determined entirely by the weather volatility shown in text 
Fig. 2. In the figure  and  are, respectively, the ratio of productivity of farming to the productivity of 
the foraging during the late Pleistocene and the Holocene. 

 

 

 

9. Sensitivity of simulation results to alternative productivity calibrations 
In our baseline simulations the average ratio of farming productivity to foraging productivity 

in the Holocene is 0.86 and in the Pleistocene 0.35. We also experimented with simulations 

(shown below) in which the Holocene productivity ratio (farming to foraging) was 0.92 and 0.66. 

These are shown in Fig. S9.  
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Fig. S9 Panel B shows that a calibration that raises the relative productivity of farming has 

limited effect (modestly increasing the number of transitions in the Holocene without affecting 

the Pleistocene period). Panel C (remarkably) shows that farming and private property emerge 

even when farming during the Holocene is just two thirds as productive as foraging. In this set of 

a thousand implementations of the simulation (equivalent to a thousand independent populations) 

10 populations made an independent to farming and private property, or about the actual number 

of such transitions in the archaeological data. Thus what we call the Holocene revolution could 

have occurred despite farming productivity being approximately inferior as our estimates 

indicate. Finally Panel D shows a modest increase in the farming productivity ratio that has no 

effect on the Pleistocene period.  

 
Fig. S9. Simulation runs under alternative assumptions concerning the relationship of climate to the 
relative productivity of farming and foraging. Shown in each panel are for each time period the 
number of populations (of the thousand populations simulated) in which half of the population or more 
are bourgeois farmers. Panel A is our benchmark for ease of reference. In the figure   and  are, 
respectively, the ratio of productivity of farming to the productivity of the foraging during the late 
Pleistocene and the Holocene. Source: see text. 
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10. Robustness checks for the remaining parameters.  
 

The remaining robustness tests appear in Fig. S10. 
 

Fig. S10. Simulation runs under alternative parameter values. Shown in each panel are for each time 
period the number of populations in which half or more of the population are bourgeois farmers of a 
thousand simulations of a population under the parameters indicted (all other parameters are at their 
benchmark values). These simulations may be compared to the results in Fig. 2 of the main text, which 
are reproduced in each panel in black for ease of reference. 
 

 
years before present 
 

A. Rate of random migration per generation. Higher levels of 
migration tend to accelerate the emergence of farming because the 
effect is to reduce the force of group competition (because 
migration makes groups more similar) and this weakens the process 
that stabilizes the forager-hunting technical-institutional 
equilibrium. When m = 0.18, there are a total of 14 transitions to 
farming and private property at the end of the period. Migration is 
random (the so called island model) meaning that with probability 
m an individual is relocated in a randomly selected subpopulation 
(including the current one). Typically observed migration is highly 
non-random (most migrants go to a few nearby sub-populations) 
and thus is much less effective in equalizing group compositions 
(41, 44, 45). Based on evidence from the Aland Islanders, 
the !Kung, and circumpolar Eurasian hunter-gatherers (46) we 
estimate that our benchmark random migration rate (0.2) 
corresponds to an empirical rate of migration of from 0.3 to 0.6. 

 
years before present 

 
B. Contestability of foraged products, bourgeois strategy. We 
assume that farmed species are not contested by non-possessing 
bourgeois individuals, but that hunted or gathered species are. 
Some hunting and gathering groups establish family based property 
rights over wild species (which may be acquired in particular 
locations). To explore the sensitivity of our results to this forager 
property rights scenario we consider reductions in the contestability 
of possession of wild species (that is, partial property rights). The 
effect is to facilitate the emergence of private property and hence 
farming. Note the property rights first scenario that characterizes 
many transitions occurs in our benchmark simulations even under 
the least favorable possible conditions, namely that foraged 
products are entirely contestable.  
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years before present 

C. Contestability of farming products, bourgeois strategy. In 
our benchmark simulations we assumed that farmed goods were 
not contested by bourgeois individuals; foraged goods were 
contested, as were farmed goods in civic-bourgeois interactions, 
leading to high levels of property rights contestation in the 
benchmark (see Section 11). Here we allow bourgeois farmers to 
contest each other’s private property, with the following 
frequencies and resulting transitions.  
Benchmark µa=0, resulting in 31 transitions; µa=0.05, 10 
transitions; µa=0.10, 5 transitions; µa=0.15, 1 transition. 

 
years before present 

 

D. Cost of losing a conflict within group. The greater the cost of 
losing a conflict the stronger will be the selective forces working 
against groups with some bourgeois members but that have highly 
contestable property rights. This occurs when groups are engaged 
primarily in hunting. As a result, the larger is this cost, the more 
beneficial is the adoption of farming (which reduces contestability 
of goods and hence diminishes the number of conflicts). As a result 
higher values of C result in earlier and more frequent independent 
emergences of farming and private property. When C = 1.25, by 
the end of the period there are 6 transitions to farming and private 
property.  

 
years before present 

E. Probability of a between group conflict per generation. In the 
simulations group conflicts result in resource transfers and the 
assignment of winning group cultural models for the cultural 
updating process of the next generation of the losers. Both 
contribute to loser populations becoming more like winner 
populations. Less frequent group conflicts will weaken one of the 
mechanisms stabilizing the forager equilibrium, resulting in both 
earlier and more extensive emergences of farming. Based on 
evidence of the substantial extent of mortality in between forager 
group conflict (47) we think that a once per generation conflict 
scenario is not an overestimate. In any case the results are very 
similar when conflicts are half this frequent and not qualitatively 
affected by even a greater reduction in conflict. 
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years before present 

 
F. Resource transfer from losing to winning group. The larger is 
this transfer, the more powerful is the advantage of foraging groups 
in competition with farming groups (average payoffs in foraging 
groups are almost always higher than in farming groups due to the 
productivity advantages of foraging wild species and the costs of 
within group conflicts when property rights are contestable). But 
the results vary only slightly with variations in this parameter, 
suggesting that plausible reductions in the stakes of group 
competition have little effect. 

 

 
years before present 

G. Expected waiting time for half of a group of hunters to 
become farmers by random experimentation. Random 
experimentation creates diversity among groups and over a 
sufficiently long time period will convert a group, for example, of 
all hunters to a group with equal numbers of farmers and hunters. 
We use the waiting time for such a transition as our measure of the 
extent of experimentation. In our benchmark case in each period a 
hunter will try farming with a probability equal to 12.5 % and for 
group of 20 individuals per generation the expected waiting time 
for the transition mentioned above is 19292 generations (the 
expected waiting time is the reciprocal of the probability that in a 
given period 10 or more previously forager group members will 
switch to farming by random experimentation, calculated from the 
binomial distribution.)  

 

11. Contested private property within groups 

Within-group contests over economic resources occur frequently both because punishers 

always contest bourgeois attempts to exclude others from the use of resources and bourgeois 

contest other bourgeois’ claims on resources when those resources are contestable (which is 

always the case with foraged resources). Fig. S11 shows that the degree of contestation is modest 

when bourgeois farmers are either very few or very many; intermediate fractions of bourgeois 

farmers which occur during transitions from forager to farmer societies generate substantial 

levels of property rights conflict within groups, because (as explained in the text) during these 

transitions there is no widely held convention for the management of conflict and the nature of 

the economic resources – including a substantial fraction of wild species – makes private 

property claims contestable.  
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(a) all interactions 

 

 
(b) interactions between bourgeois individuals 

 

 
(c) interactions between bourgeois and civic individuals 

 
Fig. S11. Fraction of all interactions that are result in contests. Contests occur between bourgeois and 
punisher individuals, and between bourgeois individuals when property rights are contestable. Each point 
gives average across the 30 groups of the contested fraction of interactions for the population average of 
the fraction of bourgeois farmers in the population. The data are from benchmark implementations of the 
simulation in which cultivated resources and domesticated animals possessed by a bourgeois farmer are 
not contested by other bourgeois individuals. Contestation levels are greater but simulation results are 
qualitatively similar in simulations in which contestation of farmed resources by bourgeois individuals 
occurs (See Fig. S10 panel C).  
 
 

12. The Holocene transition in the Levant  
Table S5 adapted from (48) presents the data referred to in the text. The evidence for 

harvesting and processing wild cereals by the early Natufians is very strong and for cultivation 

proper not as strong. Bar Yosef for example refers to Natufians as “perhaps the earliest farmers” 
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(49), while Unger-Hamilton concludes that “the evidence favors the notion that cereals were 

being cultivated in the Early Natufian” Additional evidence is found in (50-53). 

 
Table S5. The advent of farming and the changing nature of storage: Levant , 14,500 BP to 
8,700 BP. Source: From (48) and other sources (54-56) Slightly different dating of the Natufian 
periods is used in (54) 
 

Periods Economy Storage Interpretation 
Early & Late 
Natufian ca. 
14500-11700 BP 

Intensive collection and some 
cultivation of wild plant 
resources; intensive hunting of 
wild species (esp. gazelle, 
possibly communally); no 
evidence of husbandry 

Indirect evidence 
for some very 
limited storage.  

Relatively 
unrestricted 
access 

Pre-Pottery 
Neolithic A ca. 
11,700-10,500 BP  

Collection and some cultivation of 
wild plant resources; possible 
domestication of some plants; 
intensive hunting of wild species; 
no evidence of husbandry 

Dedicated storage 
silos (wild plants) 
outside in public 
(and possibly 
inside) of residential 
units 

Relatively 
unrestricted 
access.  

Middle Pre-
Pottery Neolithic 
B ca. 10,500 – 
9,250 BP 

Collecting and cultivating wild 
plant resources; in some places 
wide range of domesticates; 
hunting, domestication of goat-
sheep 

Dedicated storage 
outside and inside 
residential units; 
moderate volume 

Restricted 
access 

Late Pre-Pottery 
Neolithic B & 
PPNC ca. 9,250 – 
8,700 BP 

Reliance on a restricted range of 
domesticated plants; hunting, 
increased reliance on goats, sheep, 
pigs cows. 

Dedicated separate 
rooms; high volume 

Restricted 
access 

 
 
13 Demographic advantages of farming and the Neolithic Demographic Transition (NDT) 

Based on fraction of immature individuals in cemeteries dating from the early Holocene, the 

reproductive advantages of sedentary living may have raised the rate of population increase from 

barely above zero to about 1.3% per annum at its peak (57) followed by declines and subsequent 

fluctuation, with “a slower tempo of change in the epicenters [of the advent of farming] than in 

the secondary transition zones.”(54). The NDT most likely witnessed an increase in fertility and 

that “mortality rose almost in concert with fertility and not after a long delay.”(58) The peak rate 

was not sustained over the long period and it seems likely that farmers’ populations grew at the 

rate typical of pre-industrial populations or somewhere between 0.1 and 0.2 percent annually.  

While capable of growing at well over 2 per cent per annum, forager population (averaged over 

long periods) during the Pleistocene may have been stationary it appears to have been positive 
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growth rates appear to have been the case during the Holocene. Thus the NDT might have given 

the communities that took up farming and its associated property rights at most an advantage of 

about one percentage point (at its peak). The increase in the rate of population growth from 

“forager” to “farmer” levels appears to have been extraordinarily protracted. But suppose that the 

change in growth rates from about 0.3 to 1.3 took place exponentially over just a millennium 

(54). Then it would take 382 years before the “farmer” population exceeded 1.2 of the forager 

population, had they had similar populations at the outset.   
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